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Summary
Weedy plants pose a major threat to food security,
biodiversity, ecosystem services and consequently to
human health and wellbeing. However, many currently
used weed management approaches are increasingly
unsustainable. To address this knowledge and practice
gap, in June 2014, 35 weed and invasion ecologists,
weed scientists, evolutionary biologists and social
scientists convened a workshop to explore current and
future perspectives and approaches in weed ecology
and management. A horizon scanning exercise ranked
a list of 124 pre-submitted questions to identify a prior-
ity list of 30 questions. These questions are discussed
under seven themed headings that represent areas for
renewed and emerging focus for the disciplines of weed
research and practice. The themed areas considered the
need for transdisciplinarity, increased adoption of
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integrated weed management and agroecological
approaches, better understanding of weed evolution, cli-
mate change, weed invasiveness and finally, disciplinary
challenges for weed science. Almost all the challenges
identified rested on the need for continued efforts to
diversify and integrate agroecological, socio-economic
and technological approaches in weed management.
These challenges are not newly conceived, though their
continued prominence as research priorities highlights an
ongoing intransigence that must be addressed through a
more system-oriented and transdisciplinary research
agenda that seeks an embedded integration of public and
private research approaches. This horizon scanning exer-
cise thus set out the building blocks needed for future
weed management research and practice; however, the
challenge ahead is to identify effective ways in which suf-
ficient research and implementation efforts can be direc-
ted towards these needs.
Keywords: transdisciplinary research, integrated weed
management, agroecology, weed adaptation, invasive
plants.
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Introduction
Weeds are defined here as any plants that have nega-
tive socio-economic and/or environmental impacts,
threaten global food security, biodiversity, ecosystem
services and human health. Crop yield losses to weed
competition have been estimated as 9% globally
(Oerke, 2006), leading to estimates of annual economic
losses of $27 billion and $3.2 billion, in the USA
(Pimentel et al., 2005) and UK (Pimentel et al., 2001)
respectively. In natural ecosystems, non-native weeds
have serious negative impacts on biodiversity and
ecosystem functioning (Ehrenfeld, 2010; Simberloff
et al., 2013). Invasive weeds may also result in serious
consequences to human health through, for example,
increased loads of allergenic pollen (Hamaoui-Laguel
et al., 2015). Impacts of weeds in current systems are
likely to get worse rather than better, due to increased
long-distance trade, climate change, altered disturbance
patterns, herbicide resistance and other factors, making
improvements in weed management ever more urgent.
The global human population is projected to
increase to 9 billion people by 2050, with conservative
estimates suggesting an associated increase in food con-
sumption and demand of 50% (Royal Society of Lon-
don, 2009). This demand will need to be satisfied
without increasing the global area of agricultural land,
with fewer inputs and with a lower environmental
impact, a concept described as ‘sustainable intensifica-
tion’ (Royal Society of London, 2009; Tilman et al.,
2011; Struik & Kuyper, 2017). For sustainable intensifi-
cation to close the gap between theoretically attainable
and realised crop yields (the ‘yield gap’, van Ittersum
et al., 2013) whilst reducing negative environmental
impacts, weed management strategies will require con-
tinued innovation, particularly considering the evolu-
tion of resistance to existing control measures (Godfray
et al., 2010) and the continued introduction and spread
of novel weeds or weedy traits (Driscoll et al., 2014).
Climate and environmental change may also alter com-
petitive interactions between agricultural weeds and
crops, meaning that, over time, the nature and distribu-
tion of the most yield-limiting weeds may change
(Fuhrer, 2003). Additionally, the ecological impacts of
invasive weeds are profound (Vila et al., 2011) and are
expected to worsen with global environmental change
(Bradley et al., 2010). Existing management strategies
for invasive plants are often proving ineffective at pro-
ducing long-term benefits (Pearson et al., 2016).
The converging challenges of global food security,
climate change, environmental degradation, escalating
rates of plant invasion, evolution of resistance to her-
bicides and the systemic failure to adopt integrated
weed management (IWM) pose a stark challenge to
the fields of weed ecology and management. Current
trends suggest that weed problems will worsen in the
next 10–20 years, becoming an even more intractable
barrier in efforts towards the sustainable intensification
of agricultural production and the preservation of nat-
ural habitats. It is critical that future efforts be more
coordinated, collaborative, innovative and conducive
to adoption. These challenges provide a timely oppor-
tunity to readdress the question ‘what are the future
research priorities in weed ecology and management?’.
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In June 2014, a group of 35 scientists engaged in
various aspects of weed research and practice, span-
ning agricultural and invasive weeds, genetics and evo-
lutionary biology, ecology, weed management and
social science assembled at a workshop in Benasque,
Spain, to consider future dimensions in weed biology
and management. To facilitate those discussions, a
horizon scanning exercise was performed (Sutherland
et al., 2006; Grierson et al., 2011; Ricciardi et al.,
2017). Before the workshop, invitees were asked to
submit three to five ‘key questions’ that they consid-
ered to be major challenges for the discipline of weed
ecology, evolution and management in agricultural and
invaded natural systems over the next five to ten years.
Through individual reflection and facilitated group dis-
cussion, the 124 questions submitted were ranked in
importance. The top 30 ranked questions are presented
here (Table 1) and form the basis of the commentary
that follows. A full list of the submitted questions is
included as supporting information, together with fur-
ther details of the ranking exercise.
Horizon scanning priorities and
opportunities in weed ecology and
management
In summarising the top-ranked research questions
(Table 1), seven salient themes were identified, each of
which is discussed below.
Transdisciplinary research
The two top-ranked questions (and two others) placed
a strong emphasis on the need for broadening research
horizons, such that multistakeholder approaches to
tackle weed problems and their management are fos-
tered. Within these transdisciplinary frameworks (Lang
et al., 2012; Jordan et al., 2016), weed ecologists, weed
scientists, land managers, farmers, economists and
social scientists should work together with agricultural,
industrial and governmental stakeholders with an
interest in tackling intractable weed problems (Gra-
ham, 2013; Ervin & Jussaume, 2014). Narrow framing
of weed problems is less likely to engage the full range
of stakeholders needed to devise and implement inno-
vative solutions, and weed research must be considered
in the context of wider efforts towards the design of
sustainable farming systems. Continued technological
innovation will be a key requirement for developing,
testing and promoting sustainable weed management
strategies, though a better balance is required between
public and private sector research, development and
funding for weed science. Whereas the public sector
has been more inclined to focus on a range of systems-
based approaches, the private sector has continued to
seek to develop ‘patentable’, technological solutions.
Transdisciplinary science can serve to facilitate public–
private partnerships that ensure that the most promis-
ing technological advances are deployed in systems
that preserve their efficacy, maintain weed manage-
ment and agroecosystem diversity and limit the poten-
tial undesirable environmental impacts of weed
management.
Adoption of integrated weed management
Two questions (ranked 6 and 21) identified the impor-
tance of continued efforts to increase, understand and
incentivise adoption of IWM approaches (see Liebman
et al., 2016). Underlying reasons for this lack of adop-
tion are multifaceted and likely reflect a continued
desire for ‘simple’ technological solutions, short-term
planning horizons and a failure by researchers to
demonstrate and communicate the benefits of more
integrated approaches. In part, future research
approaches can address these questions using transdis-
ciplinary frameworks that enable codevelopment of
weed control technology and IWM systems, socio-eco-
nomic approaches to better understand farmer deci-
sion-making and a wider framing of weed management
challenges and solutions, including through public–pri-
vate collaborations.
Weeds as agroecological actors
A series of questions (ranked 5, 7, 10, 11, 17, 22)
recognised the need for a greater research effort to rec-
oncile the negative and positive impacts of weeds in
agroecosystems. The interactions of weeds with other
trophic levels and in relation to soil health and func-
tioning can be important for delivering ecosystem ser-
vices (Marshall et al., 2003). These services can include
the provision of food, shelter and habitat for natural
enemies of crop pests or for pollinating insects, the
maintenance of vegetation cover during non-cropped
phases of the rotation to control soil erosion and for
the enhancement of soil structure and function (Navas,
2012). As such, weed functional diversity may play an
important role in enhancing crop productivity by
reducing losses due to insect pests and maintaining or
enhancing soil health. Trophic interactions may also
play important roles in regulating weed populations
through, for example, weed seed predation (Westerman
et al., 2005; Franke et al., 2009) and microbial degra-
dation of viable seeds in the soil seedbank (Chee-San-
ford et al., 2006; M€uller-St€over et al., 2016). Of
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Table 1 The 30 top-ranked current and future research questions in weed ecology and management. Questions are grouped and dis-
cussed under seven research themes
Rank Question Theme
1. How can weed ecologists engage with society, government and private
enterprise to facilitate multi-stakeholder efforts to manage weedy and
invasive plants?
Transdisciplinary research
2. How can we work with social scientists to best co-ordinate weed prevention
and control efforts amongst multiple stakeholders?
Transdisciplinary research
3. What is the role of epigenetics in weed plasticity and adaptation in
agroecosystems?
Weed evolution
4. How will natural species dispersal in response to climate change affect our
definitions of invasive plant species and our tolerance of them?
Climate change
5. How important is weed functional diversity in maintaining ecosystem function
and reducing crop yield loss from weed competition?
Agroecology
6. What is hampering the adoption of integrated weed management strategies?
What are farmers trying to tell us?
Adoption
7. How do we increase productivity and species diversity in the arable land at
the same time?
Agroecology
8. Can we predict which species will become more weedy/invasive with global
warming?
Climate change
9. What is the role of plasticity vs genetic variation (neutral/adaptive) in aiding/
hindering adaptation and survival of weedy species?
Weed evolution
10. What role does the soil microbiome play in regulating weed populations and
their response to management?
Agroecology
11. How can farming systems be designed for greater resilience to weeds? Agroecology
12. Can more heterogeneous cropping and weed management landscapes slow
evolution of herbicide resistance?
Weed evolution
13. Beyond the enemy release hypothesis, what is the role of biotic interactions
in facilitating or hindering invasion rates?
Invasiveness
14. A noticeable narrowing in content has occurred (in North America at least)
within the ‘Weed Science’ community over the past decade, how do we
move to broaden that scope?
Weed science
15. Up to now weed management has been conducted primarily at the field level
with a time horizon of a few months. What specific improvements can be
obtained by using other spatial scales and time horizons?
*
16. Will ecosystems experiencing disruption due to climate change be more
invasible?
Climate change
17. What ecosystem services arise from weeds in and near agricultural fields? Agroecology
18. How will climate change impact the distribution and competitive ability of
weeds?
Climate change
19. How do political/economic changes affect weed invasion? Can it be predicted
or prevented?
Transdisciplinary research
20. How does weed dispersal and management relate to characteristics of the
associated social systems?
Transdisciplinary research
21. How can farmer behaviour be best influenced to improve sustainability of
weed management?
Adoption
22. Weed problems are embedded in interactions across different levels. How do
we account for interactions at plant, plot, farm, community, regional and
national levels?
Agroecology
23. Are there a set of functional traits that can predict the ecological impact of
invasive plants?
Invasiveness
24. How do we connect fundamental and applied research in weed research? Weed science
25. How can we attract excellent scholars into the field? Weed science
26. Are there some plant traits that we can be confident will be influenced by
climatic change?
Climate change
27. Does adaptation of invasive species in their introduced range reflect
directional selection in the new range?
Invasiveness
28. What factors do managers consider most important when choosing what and
how to manage weeds/invasive plants?
*
29. How can our research community avoid falling in the gap between ‘applied’
and ‘basic, hypothesis-driven’ research funding programs?
Weed science
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course, weeds may also increase the negative impacts
of other crop pests by acting as hosts, shelter and/or
food sources for plant pathogens (Wisler & Norris,
2005) and herbivores. Understanding biotic interac-
tions between weeds and organisms at other trophic
levels will be important for designing weed manage-
ment strategies that enhance the natural capacity for
ecosystems to regulate weed and pest populations. In
this way, weed management strategies must be consid-
ered in the context of multifunctional landscapes that
optimise crop production and environmental integrity
whilst maintaining provisioning, sustaining and cul-
tural ecosystem services. More diverse weed floras,
selected for by more diverse weed management and
cropping systems, may buffer systems against domi-
nance by one or a few aggressive, resistance-prone spe-
cies, therefore increasing systemic resilience to weeds.
Indeed, evidence from the long-term Broadbalk experi-
ment at Rothamsted Research has identified a negative
correlation between weed diversity and crop yield loss
(Moss et al., 2004). This observation suggests that
increased weed diversity may not always have a nega-
tive impact on crop yield.
Weed evolution
Workshop participants recognised a need to better
understand the nature and importance of weed adapta-
tion that underpins the evolution of weedy traits in
agricultural and invaded natural systems (ranked 3, 9,
12 and 30). We are reminded of the words of Harper
(1956) that ‘Arable weeds constitute an ecological
group selected and maintained in association by their
fitness for existence under conditions of crop cultiva-
tion. They comprise species that have been selected by
the very practices that were originally designed to sup-
press them’. The ability of weedy plants to rapidly
adapt to novel environments and anthropogenic man-
agement has been proposed as a key facet of the ‘weed
syndrome’ (Vigueira et al., 2012). In agricultural sys-
tems, weed management, particularly the use of herbi-
cides, exerts extreme selection pressure, and the
capacity for weeds to rapidly evolve resistance to her-
bicides has been demonstrated extensively (Powles &
Yu, 2010). Further, one of our questions
acknowledged the need to also understand adaptive
potential in relation to cultural weed management. In
invasion ecology (see below), it is suggested that the
success of invasive plants may be due, at least in part,
to their ability to rapidly adapt to novel environments
(Prentis et al., 2008). In the light of these phenomena,
it has been proposed that weedy plants provide excel-
lent model systems for studying contemporary adapta-
tion in plants (Baucom & Holt, 2009; Neve et al.,
2009; Vigueira et al., 2012). The extent to which phe-
notypic plasticity versus genetic variation is implicated
in this adaptive potential is also an open question and,
added to this, there is increasing interest in the role of
epigenetic regulation in rapid evolution in plants
(Becker & Weigel, 2012). In practical terms, answering
these questions will be important for understanding
how weed populations and communities respond to
management strategies that aim to disrupt contempo-
rary evolution through the design of heterogeneous
landscapes, crop rotations and through the optimisa-
tion and adoption of IWM strategies.
Invasiveness
Important questions relating to a better understanding
of weed invasiveness (ranked 13, 23, 27), drew on
themes developed in the two preceding sections. To
what extent are invasions facilitated (or hindered) by
interactions (or lack of) across trophic levels? What is
the importance of post-invasion evolution to invasion
success? Invasion of an ecosystem by one species may
be facilitated by native species or by previous invaders
with sequential, facilitated invasions potentially leading
to ‘invasional meltdown’ (Simberloff & von Holle,
1999). The success of invading species may be due to
release from natural enemies, present in their native
habitat, but absent in the invaded range (Williamson,
1996; Mitchell & Power, 2003), though reports of
pathogen accumulation and subsequent population
decline of invasive plant species after initial establish-
ment have also been noted (Flory & Clay, 2013). Inter-
actions between plants and soil microbes can also
contribute to invasiveness (Klironomos, 2002; Call-
away et al., 2004). Likewise, the failure of some species
to invade may be due to the absence of mutualistic
Table 1. (Continued)
Rank Question Theme
30. Will weeds evolve resistance to non-chemical control methods just as fast as
to herbicides?
Weed evolution
*Note that questions ranked 15 and 28 were not categorised within a discrete research theme.
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organisms in environments into which they are intro-
duced (Richardson et al., 2000).
Climate change
Global climate change (ranked 4, 8, 16, 18, 26) will
impact the dispersal of weedy plants, the invasibility of
agricultural and natural habitats and competitive inter-
actions. Climate change is clearly recognised as a
major driver for increased rates of plant invasion (Diez
et al., 2012), and in agricultural situations, the geo-
graphical range over which weeds are highly competi-
tive versus crops (the ‘damage niche’) may shift in
response to altered cultivation practices associated with
climate change (McDonald et al., 2009; Stratonovitch
et al., 2012). The ability to better predict the introduc-
tion pathways and invasive potential of plants under
climate change is critically important, so that those
species likely to have the greatest negative environmen-
tal and socio-economic impacts can be identified and
anticipated. The ability to predict those plant traits
that will be most impacted by climate change will help
to understand which species will become more invasive
under climate change. However, it is also important to
recognise that a changing climate may result in wider
ecosystem change and, in this context, the concept of
what defines ‘native’ and ‘invasive’ species may also
change (Webber & Scott, 2012).
Weed science
A final set of questions (ranked 14, 24, 25, 29) raised
several important issues relating to the future scope,
definition, ambitions and approaches for the discipline
of weed science (biology, ecology, management). A
narrowing of focus was highlighted, invoking argu-
ments about a ‘critical juncture’ for the discipline
(Mortensen et al., 2012) and acknowledging that the
advent and unprecedented adoption of herbicides for
weed management have resulted in a discipline that
has approached weed science from an increasingly nar-
row plant physiological versus a broader plant ecologi-
cal perspective (Neve et al., 2014). Two questions
addressed a similar issue about the need for our disci-
pline to find a better balance between ‘applied’ and
‘fundamental’ science, and there was a consensus that
much weed research ‘fell between the cracks’ in this
regard. This may reflect a general perception that the
study of weeds, even when focused on fundamental
questions of weed biology, is an overtly ‘applied’
science, sometimes limiting access to more basic science
funding. This ‘problem’ is less evident in plant invasion
biology where scientific questions are successfully
framed in the wider context of community assembly
and ecosystem functioning and where the study of
plant invasions is recognised as a means to address
fundamental questions in plant ecology. In the future,
the discipline of agricultural weed science should
recognise and rise to the challenge of framing funda-
mental questions in plant ecology and evolution
around the study of weeds in agroecosystems. Present-
ing weed science in transdisciplinary terms will simi-
larly open up opportunities for those focused on the
biology and management of weeds to expand the scope
and focus of the discipline. These endeavours will facil-
itate wider efforts to attract the best scholars into the
weed science discipline, with associated benefits in
terms of raising the profile of the discipline, conducting
fundamental science with ‘impact’ and addressing
many of the challenges and opportunities highlighted
by this horizon scanning exercise.
Discussion
The overarching question that we have sought to
address is how can we achieve weed management that
is effective, economical, minimises negative environ-
mental consequences and is robust to weed adaptation
and future environmental change? From the preceding
discussion, a single, unifying ‘meta-theme’ has
emerged: the need for more-diversified agroecosystems
to tackle intractable weed problems in ways that are
economically and environmentally sustainable. Indeed,
we observe that most of the research themes outlined
above are pertinent to diversified agroecosystems and
are largely of uncertain relevance in low-diversity
agroecosystems. The severe problems of weed manage-
ment in low-diversity systems are clear, and we call for
a shift to focusing on critical scientific questions about
weed management in more-diversified systems. This
effort will add impetus to wider efforts to enhance
diversification in agriculture, which remains highly
challenging in the face of many factors that favour
more simplified cropping systems, production technolo-
gies and market drivers, even though such simplified
systems now show limited sustainability.
Transdisciplinary approaches (Jordan et al., 2016)
acknowledge the social, economic and political dimen-
sions of weed management, engaging multiple stake-
holders in the cocreation and codesign of IWM
systems, overcoming potential barriers to subsequent
adoption (Llewellyn, 2007; Wilson et al., 2009; Lieb-
man et al., 2016) and ensuring a closer integration
between public and private sector perspectives and dri-
vers in weed management. More system-based
approaches to weed management can help to address
some of the tensions and trade-offs between economic,
environmental and societal objectives, recognising the
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need for a closer integration between ‘technological-’
and ‘agroecological’-based solutions (Jordan & Davis,
2015). In this sense, we see opportunity and potential
in drawing parallels with global healthcare challenges.
Indeed, the concept of ‘one health’ in human and ani-
mal healthcare demonstrates an emerging consensus
for a more holistic approach (Hueston et al., 2013)
that recognises a strong environmental component and
ecological interactions in the epidemiology of human
and animal disease.
A more systemic, diversity-oriented focus acknowl-
edges that weeds can perform positive as well as nega-
tive roles in agroecosystems (Marshall et al., 2003;
Navas, 2012), interacting with species at other trophic
levels to deliver provisioning and regulating ecosystem
services. Similar arguments can apply in natural sys-
tems invaded by non-native weedy plants where there
needs to be a clearer focus on those species which
have the greatest ecological impact, accepting that
some invasive species have few long-term negative
impacts. It is critical to recognise that these agroeco-
logical approaches do not envision cropping systems
that tolerate large populations of competitive weeds.
Instead, we argue that more diverse management sys-
tems that support and maintain a higher level of weed
diversity will select against one or a few dominant,
competitive species that typically come to dominate
low-diversity management systems. Whilst the notion
of tolerating a more diverse weed flora may remain
anathema to many, we point to the extensive evidence
that current technological approaches have, with few
exceptions, led to the dominance of one or a few,
highly competitive, herbicide resistance-prone species
(see Delye et al., 2010; Ward et al., 2013; Owen et al.,
2014). The move towards more-diversified weed man-
agement is wholly consistent with the need to better
understand and manage weed evolution. Low-diversity
weed management systems with heavy reliance on her-
bicides and without sufficient crop rotation impose
strong directional selection for weedy traits, and a
central tenet of IWM must be to diversify selection
pressures to avoid the dominance of agricultural fields
by one or a few highly adapted species, whether they
be native or invasive in origin.
Global and regional climate change will continue
to drive changes in plant species distributions and
competitiveness, likely increasing the invasiveness of
some species (Dukes & Mooney, 1999) and leading to
new weed problems in agricultural and natural ecosys-
tems. These challenges similarly call for broadening
horizons in weed management to better understand
the ecological and evolutionary drivers of invasion
under climate change. Designing weed management
systems that are more resilient to future invasions
requires a similar focus on transdisciplinarity that
acknowledges the social, economic and political
dimensions of weed problems and the need for sys-
temic ecological approaches that limit the invasion
and ongoing adaptation of new weed species. As a
direct outcome of our Spanish workshop, we organ-
ised a follow-up meeting on transdisciplinarity in
weed research in Canada in 2016. For this, we
brought in a much wider range of disciplines and par-
ticipants, including social scientists, extension scien-
tists and local landowners. This workshop focused on
establishing a common language and approach to
integration of social and weed science to achieve the
goals of effective long-term weed solutions.
These challenges and their underlying research and
philosophical questions present an opportunity for
reinvention in weed/invasion science to broaden the
scope of the discipline and, in doing so, to address
emerging concerns about a disconnection between ‘ba-
sic’ and ‘applied’ science and the need to continue to
attract the best scholars into the discipline. There is a
healthy, ongoing debate about the future of the weed
science discipline (Mortensen et al., 2012; Ward et al.,
2014; Barrett et al., 2017; Harker et al., 2017). We
should embrace that debate, avoiding fractious divi-
sions that threaten to promulgate a false dichotomy
between ‘technological’ and ‘agroecological’
approaches to weed management. The design of sus-
tainable weed management systems that are robust to
weed adaptation, weed invasion and future climate
change and that place weed science in a broader con-
text of sustainable intensification requires system-
based approaches that integrate technological and
agroecological principles in diversified agroecosystems.
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